Background. Iron deficiency is the most common nutrient deficiency worldwide. Large intakes of micronutrientpoor staple crops, coupled with low intakes of highly bioavailable dietary iron, are a major cause of this deficiency.
Introduction
Iron deficiency is the most prevalent nutrient deficiency worldwide, and it is most prevalent among populations relying on micronutrient-poor staple food crops. Like other developing countries in Asia, Bangladesh relies on rice as a major staple crop. According to the latest national Demographic and Health Survey in Bangladesh (2011), the prevalence of anemia was 42% among women of childbearing age and 51% among children 6 to 59 months of age [1] . The high prevalence of anemia in women and children is likely due to food insecurity, as only 35% of women in the lowest wealth quintile reported themselves as food secure, compared with 90% of women in the highest wealth quintile [1] . Further, complementary foods were not introduced in a timely manner for all children; only 67% of breastfed children aged 6 to 9 months received any complementary foods, as reported by the mothers surveyed [1] .
Staple food crops such as rice may provide dietary iron, but the bioavailability of iron is limited because of the presence of inhibitors of iron absorption, such as phytic acid, polyphenolic compounds, and possibly oxalates and fiber [2] . Many nutritional strategies have been employed to remedy iron deficiency, such as supplementation, fortification, and dietary diversification. Biofortification of staple food crops is an additional and perhaps more sustainable approach to providing more bioavailable iron in the diet. For iron, this approach can include breeding for more iron in the crop, increasing the bioavailability of the iron present, or both.
Lentils (Lens culinaris L.) are a pulse crop consumed globally. They are a nutrient-dense staple crop that is an excellent source of iron [3] . Lentils are also higher in bioavailable iron than other legumes and display significant biofortification potential due to genetic variability [4] . Lentils are currently being considered as a crop that can be biofortified with iron and alleviate iron-deficiency anemia in regions where consumption of lentils is popular. Bangladesh is one such region [5] . However, for lentils to be an effective iron-biofortified crop, they must be consumed in sufficient quantities to have nutritional impact [6] . Alternatively, if inadequate amounts of lentils are currently consumed, the questions to address are whether consumers are willing to consume and can afford to buy adequate amounts of the iron-biofortified crop.
Like other pulses and legumes, lentils contain antinutrients, such as polyphenolic compounds and phytic acid, that impair micronutrient bioavailability. Lentils are cooked in water prior to consumption, which can decrease these factors [7] [8] [9] [10] . Also, in many parts of the world, the seed coat of lentils is removed (a process known as decortication or dehulling) prior to cooking and consumption. In addition to improving palatability and decreasing cooking time, dehulling of pulses and other crops has been shown to decrease the levels of antinutrients such as polyphenolic compounds, thus increasing the bioavailability of iron [11] [12] [13] . It may also be feasible to grow lentils with lower levels of phytic acid; however, this approach has not been properly explored for this crop and to date has only been noted as a possibility in experimental studies [4] .
The objectives of the current study were to determine the iron concentration and relative iron bioavailability of several traditional Bangladeshi meal plan models using the in vitro digestion/Caco-2 cell culture model, and to assess the effect of dehulling on both iron concentration and relative iron bioavailability in these meal plan models. To our knowledge, this is the first study to assess the effect of seed coat removal on the bioavailability of iron in meal plan models.
Materials and methods

Food sample preparation Preparation and processing of lentil seeds
Both whole and dehulled lentils (CDC Maxim, red lentil) were used in these studies. Prior to analysis, the whole-lentil seed samples were dehulled at the University of Saskatchewan Crop Development Centre (Saskatoon, Saskatchewan, Canada) in a Satake TM-05 grain-testing mill and then separated into seed coat and unsplit cotyledon fractions. Seventy-five kilograms of the unsplit cotyledon fraction was shipped to the USDA-ARS Robert Holley Center for Agriculture and Health (Ithaca, New York, USA) and used for preparation of the recipes and analyses of iron concentration and relative iron bioavailability.
Prior to preparation of the recipes, whole and dehulled lentils were rinsed with 18MΩ deionized water. Dal (a lentil dish of the Bangladeshi people) was prepared according to a traditional recipe (M. Khan, University of Dhaka, Bangladesh). Dal (lentils, water, oil, onion, garlic, salt, turmeric) was prepared from CDC Maxim lentils in separate batches using both whole (including seed coat) and dehulled (seed coat removed) lentils. In addition to dal, a traditional vegetable curry was prepared (carrot, potato, eggplant, cauliflower, onion, oil, water, and salt), along with polished, unenriched basmati rice and steamed fish (cleaned sunfish fillets from Central New York State, USA). After cooling to room temperature, all cooked food samples were frozen, freeze-dried, finely ground, and stored at room temperature (22°C) prior to experimentation. All foods were prepared with deionized water in stainless steel cookware. The goal of this set of experiments was to mimic actual food consumption patterns, using traditional recipes composed of these main ingredients (rice, lentils, vegetable, and fish). Table 1 shows the iron concentration (in micrograms per gram) of the various meal plan models. Three grams of each meal plan model was prepared, and from that, 0.5 g was used for each of three repetitions per condition.
In vitro digestion/Caco-2 cell culture experiments
An in vitro digestion/Caco-2 cell culture model was used to assess the relative iron bioavailability of the meal plan models [14] . Iron uptake by cell monolayers was assessed by measuring Caco-2 cell ferritin formation. All meal plan model samples were subjected to simulated gastric and intestinal digestion. Briefly, intestinal digestion was carried out in cylindrical inserts closed on the bottom by a semipermeable membrane and placed in wells of a six-well plate (Costar Corp) containing Caco-2 cell monolayers (American Type Culture Collection) immersed in culture medium (MEM, Gibco). The upper chamber was formed by fitting the bottom of a Transwell insert ring (Corning Incorporated Life Sciences) with a 1,500-Da molecular weight cutoff (MWCO) membrane (Spectra/Por 2.1, Spectrum Medical). The dialysis membrane was held in place by a silicone O-ring (Web Seal). For the experiment, 1.5 mL of each digested meal sample was added to the upper chamber of the insert and incubated for 2 hours. The inserts were then removed and 1 mL of MEM was added. The cell cultures were then incubated for 22 hours at 37°C. After incubation, the growth medium was aspirated from the cell culture wells and the cells were washed twice with buffer solution (140 mmol/L NaCl, 5 mmol/L KCl, 10 mmol/L PIPES at pH 7.0). The cells were then harvested by adding an aliquot of deionized water and placing them in a sonicator (Lab-Line Instruments). 
Assessment of iron bioavailability
The protocols used in the analysis of concentrations of ferritin and total protein of the Caco-2 cells subjected to the meal plan models were similar to those previously described [15] . Ferritin and total protein concentrations were determined on an aliquot of the harvested cell suspension with a one-stage sandwich immunoradiometric assay (FER-IRON II Ferritin assay, Ramco Laboratories) and a colorimetric assay (Bio-Rad DC Protein assay), respectively. We used the ferritin:total protein ratio (nanograms of ferritin/milligrams of protein) as an index of cellular iron uptake. Because of the normal fluctuation of cell cultures on a daily basis, we present ferritin values relative to a reference lentil used in our laboratory (CDC Robin, dehulled, cooked using the same preparation as described above), and discuss this index as relative iron bioavailability for the remainder of this paper.
Mineral analysis
Assessment of iron concentration
The concentrations of iron and other minerals in each meal sample were quantified with an inductively coupled argon-plasma emission spectrometer (ICAP-ES, model 61E Thermal Jarrell Ash Trace Analyzer). To prevent possible iron contamination from laboratory utensils, all metal-free equipment used in the assessment of mineral and ferritin quantification was soaked in 10% HCl and rinsed with 18MΩ deionized water before use.
Analysis of phytic acid concentration
A quantitative, colorimetric method to measure the total available phosphorus released from food (Megazyme International Ireland) was used to assess phytic acid concentration (in milligrams per gram). This method involves acid extraction of inositol phosphates, followed by treatment with a phytase that is specific for phytic acid (IP6) and the lower forms of myoinositol phosphate (i.e., IP2, IP3, IP4, and IP5). Subsequent treatment with alkaline phosphatase ensures the release of the final phosphate from myoinositol phosphate (IP1), which is relatively resistant to the action of phytase. The total phosphate released is measured by a modified colorimetric method and given as grams of phosphorus per 100 g of sample material.
Statistical analysis
Statistical analyses were performed with SPSS, version 22. Each outcome variable presented in this study (iron concentration, relative iron bioavailability, and phytic acid concentration) represents three replicates of the experimental method. Descriptive statistics are presented as means ± SD. To examine the effects of dehulling on all outcome variables in the meal plan models, paired t-test analyses (dehulled vs. whole-lentil dal) were used. Pearson's correlations were used to examine associations between variables. Results were considered significant at p < .05.
Results
The iron and phytic acid concentrations of each meal plan model are presented in table 1. Lentil was the major contributor of iron to the meal plan models. The iron concentration of the meal plan models ranged from 2.65 µg/g (100% rice) to 64.98 µg/g (100% whole-lentil dal), with a mean of 12.93 ± 13.88 µg/g. The phytic acid concentration of the meal plan models ranged from 1.86 mg/g (85% rice, 0% lentils, 15% vegetable, 0% fish) to 6.10 mg/g (100% dehulled-lentil dal), with a mean of 2.42 ± 0.85 mg/g. The relative iron bioavailability of the meal plan models ranged from 5.95% (model: 75% rice, 12.5% whole-lentil dal, 9% curry, 3% fish) to 41.76% of CDC Robin (model: 100% dehulled-lentil dal), with a mean of 20.38 ± 9.33%. There were no significant effects of including small amounts of fish (2% to 8% of the meal plan model) on iron concentration or bioavailability in the rice and lentil meal plan models. Meal plan models with 75% rice (n = 4) had higher iron concentrations (p = .01) and relative iron bioavailability (p = .03) than meal plan models with greater amounts of rice. Conversely, meal plan models with the lowest amounts of lentils (5%, n = 5) had lower iron concentrations (p < .001) and bioavailability (p = .04) than meal plan models with greater amounts of lentils. Meal plan models with 15% vegetable curry (n = 3) had higher relative iron bioavailability (p = .03) in the whole-lentil dal models than the meal plan models matched for rice contents (whole vs. dehulled lentil) ( fig. 1) .
In meal plan models with 80% rice, the bioavailability of iron was highest for the plan without fish (model: 80% rice, 10% dal, 10% vegetable curry). In meal plan models with 75% rice, the bioavailability of iron was highest for the model with the highest proportion of fish (model: 75% rice, 8.3% dal, 8.3% vegetable curry, 8.3% fish), even though the iron concentrations of those meal plan models with fish were lower because of their lower amounts of lentils. In meal plan models with matched amounts of both rice (80% rice and 75% rice) and lentils (10% dal and 12.5% dal), models with fish had lower iron bioavailability due to the lower proportion of vegetable curry, which had higher iron concentration than fish.
Effects of dehulling on iron concentration and relative iron bioavailability
The effects of dehulling of lentils on the iron concentration, relative iron bioavailability, and phytic acid concentration of meal plan models are shown in table 2. The iron concentrations of the models containing dehulled lentils were significantly lower than the iron concentrations of the models containing whole lentils (-2.06 ± 3.14 µg/g, p = .005). Furthermore, seed coat removal significantly increased relative iron bioavailability (compared with the control lentil, CDC Robin) by an average of 15.14 ± 7.8% (+ 1.75 ± 0.92 ng ferritin/mg protein, p < .001). The difference in relative iron bioavailability of the meal plan model samples with dehulled-lentil dal ranged from + 1.0% to + 31.3%. Table 1 shows the phytic acid concentrations of each individual meal plan model, and table 2 shows the mean phytic acid concentrations of meal plan models containing whole and dehulled lentils. Rice was the major contributor of phytic acid to the meal plan models, as it is often consumed in such large amounts relative to other components of the meal. Lentils have higher phytic acid concentrations but contribute much less phytic acid to the meal relative to rice. The meal models containing dehulled lentils contained a slightly greater concentration of phytic acid than those containing whole lentils (table 2; mean difference = + 0.05 ± 0.08 mg/g; +2.69 ± 0.83 phytic acid:iron molar ratio).
Phytic acid concentration
Relationships between relative iron bioavailability and other nutritional factors
The correlation coefficients between relative iron bioavailability and other nutritional factors are presented in table 3 and are depicted in figures 2 and 3. Figure 2 shows the relationship between iron concentration and relative iron bioavailability in meal plan models containing the whole and dehulled lentils. Iron concentration and relative bioavailability were significantly Fe, iron; PA, phytic acid correlated in the recipes containing dehulled dal but not in those containing whole-lentil dal. Figure 3 shows the significant relationship between the phytic acid:iron molar ratio and relative iron bioavailability in meal plan models containing dehulled lentils but not whole lentils. There was a significant inverse relationship between iron concentration and the phytic acid:iron molar ratio in all meal plan models examined (both whole and dehulled dal).
Discussion
Dietary iron absorption is an important global nutrition issue, especially in areas of the world like Bangladesh where nutritional anemias (e.g., iron deficiency) are prevalent among women and children and consumption of micronutrient-poor staple crops is high. This study adds to the growing body of literature on the bioavailability of nonheme iron from staple food crops.
Our main objective was to assess the bioavailability of iron in a variety of meal plan models consumed by Bangladeshi people using an in vitro model, in which estimates of iron bioavailability are independent of host effects (e.g., body iron status and inflammation) that can influence iron absorption in humans [16, 17] . This model also enables us to incorporate the effects of several different food matrices, including inhibitors and enhancers of iron absorption, into the estimates of iron bioavailability [16] . Using this approach, we observed that while the iron concentration of recipes containing dehulled lentils was lower than of recipes containing whole lentils, removal of the seed coat doubled the relative iron bioavailability. These experiments also show that relative iron bioavailability was lower from meal plan models with higher proportions of rice (and consequently lowest in iron concentration) than from meal plan models with larger proportions of lentils (the main contributor of iron concentration and thus of iron bioavailability). Although removal of the seed coat resulted in a loss of iron, most of the polyphenolic compounds, which are inhibitors of iron absorption, are localized to the seed coat. In the current study, the relative iron bioavailability of the mixed meals more than doubled after dehulling, which is in agreement with previous studies of legumes and lentils showing increases in bioavailability of 30% to 50% [13, 18] . Further, the relationship between iron concentration and relative iron bioavailability in the meal plan models containing whole-lentil and dehulled-lentil dal clearly indicates that dehulling removes inhibiting factors and allows for more iron uptake, if iron is present. This further reinforces the importance of understanding legume and pulse seed coat genetics, given its strong effect on iron nutritional quality. Dehulling and other forms of legume and pulse processing need to be factored into the discussion of nutritional quality of these crops.
Lentils were selected as the nonheme iron source because of their importance as a staple food crop in many areas of the world, as well as their high nutrient and mineral density. In a country such as Bangladesh, lentils are commonly consumed; thus, it is an excellent crop to be targeted for biofortification. These experiments attempted to replicate a variety of dietary patterns and food combinations that are typically consumed in this region. It is important to note that the proportions of lentils used in these experiments may be much higher than the average proportion consumed in this part of the world on a daily basis. Polished rice accounts for at least 66% of the total amount of food (by weight) consumed by Bangladeshi women, whereas lentils account for as little as 2% to 3% of total food intake [6] . Although the dal and vegetable curry used in these experiments were very close to a traditional Bangladeshi preparation, the meal plan models did not include tannin-rich beverages or ascorbic acidrich fruit beverages that may be typically consumed with meals and inhibit or enhance iron absorption, respectively. Also, we used a locally available fish source (from Central New York State, USA), which is probably different from fish that are affordable by and available to Bangladeshi people.
The relative iron bioavailability from lentils and other main food components not prepared as recipes was determined in a previous set of in vitro experiments (data not published). Those initial studies were conducted using a similar variety of dehulled red lentil, which had similar iron bioavailability (5.52 ± 0.75 ng ferritin/mg protein; 53.01 ± 7.19% of laboratory reference) as other dehulled-lentil varieties of similar iron content [4, 13] . In those pilot experiments, we observed no significant effects of including fish on iron bioavailability in the rice and lentil models. This was due to the fact that the meal plan models including fish had significantly lower iron concentrations than those without fish (n = 6, 15.66 ± 7.10 µg/g, vs. n = 7,
28.22 ± 12.0 µg/g, p = .04), in agreement with the current study. In fact, all of the meal plan models including fish had lower iron concentrations than those without fish due to the low proportions of lentils, which were the main contributor to iron concentration and thus bioavailability. In the vegetarian meal plan models, decreasing the proportion of rice from 85% to 50% and increasing the proportion of lentils from 15% to 50% resulted in a 30% increase in relative iron bioavailability. A more modest decrease in the proportion of rice from 85% to 75% and an increase in the proportion of lentils from 15% to 25% resulted in an approximately 6% increase in iron bioavailability.
However, in those pilot meal plan models containing matched amounts of lentils (65% rice + 25% lentils + 10% fish vs. 75% rice + 25% lentils), there was a slight difference in iron concentration and a 15% difference in iron bioavailability (data not shown) in favor of the meal plan model with fish, showing a promotion effect of the fish and/or a stronger inhibitory effect of the rice. Further, iron concentration and relative iron bioavailability were not correlated in all meal plan models in the pilot experiments (r = 0.41, p = .16). However, examining meal plan models with (n = 7) and without fish (n = 6) separately, iron concentration and bioavailability are significantly correlated within those subgroups of meal plan models (with fish, r = 0.88, p = .009; without fish, r = 0.94, p = .006). The addition of fish to the meals in the current study had no significant effect on relative iron bioavailability.
The ingredients added to the lentils in the current study (turmeric, salt, onion, garlic, and vegetable oil) may have added additional polyphenolic compounds to the dehulled lentils, possibly affecting iron bioavailability. However, previous work has shown that turmeric does not inhibit iron absorption from nonheme ironbased meals in young women, despite its high polyphenolic content [19] . Further, the addition of garlic and onion has been shown to significantly improve iron bioavailability from nonheme iron sources (pulse-and grain-based meals) in in vitro studies, probably due to their sulfur compounds [20] .
Although the polyphenol content of these meal plan models was not measured, the phytic acid content was analyzed using a quantitative colorimetric method to measure the total available phosphorus released from the plant seeds. The phytic acid concentration of the meals was higher than that of lentils alone, but within the range of other staple food crops [4, 13, 21, 22] . Dehulling appeared to make phytic acid more available, but the improved relative iron bioavailability in the dehulled meals overcame this increase in phytic acid. There was an inverse relationship between the phytic acid:iron molar ratio and relative iron bioavailability in the dehulled-lentil, but not the whole-lentil meals, which has been previously observed in cell culture studies [4] . Although the phytic acid content of lentils is lower than that of many other grains and legumes, addition of iron absorption enhancers (e.g., vitamin C) and/or reduction of inhibitors (polyphenolic compounds, phytic acid) through diet or biofortification efforts may positively alter iron bioavailability [23] .
Further, the lentil variety used in this study was not extraordinarily high in iron (~60 µg/g or 0.06 mg/g iron). Choosing a biofortified variety (e.g., 85 µg/g or 0.085 mg/g iron) would have increased the iron concentration, and thus the in vitro iron bioavailability of each meal plan model containing lentils. In iron-depleted human subjects, iron absorption would be up-regulated, as has been observed, which would intensify any effect of biofortification (increased iron concentration) or addition of iron absorption enhancers and removal of inhibitors [23] [24] [25] [26] .
The cellular model used to study iron bioavailability in this study (Caco-2/in vitro digestion) is designed to mimic the conditions in the small intestine, and these cells function as a bioassay in which ferritin formation is an indicator of iron uptake. An inherent limitation of an in vitro method, however, is the fact that all conditions in the human gut cannot be mirrored (e.g., host effects of body iron status, gut microflora effects on iron uptake). Despite these limitations, and the fact that in vitro methods cannot replace in vivo models, the cell model used in this study is a quick tool for the initial screening of food combinations and produces bioavailability data that are qualitatively similar to those found in human studies [27] .
Conclusions
This set of experiments shows that the total amount of iron absorbed from traditional Bangladeshi meals is dependent upon iron concentration, and that phytic acid and polyphenolic compounds are likely inhibitors. While iron deficiency remains the most common nutrient deficiency in the world, biofortification efforts should focus not only on increasing mineral content, but also on reduction of absorption inhibitors (phytic acid and polyphenolic compounds). These experiments also suggest that for lentils to have nutritional impact, the amount consumed would have to increase substantially relative to what is currently consumed; whether that is feasible, given economic and acceptability factors, needs to be assessed further. Since the price of lentils is likely to have a significant effect on consumption, cost must also be addressed if lentils are to be an effective biofortified crop.
